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Abstract
In previous study, dense and homogenous 20wt% HAP/Ti composite coatings were successfully
deposited on Ti substrates by cold gas dynamic spray technique. The results revealed that the
phase composition of the HAP in the deposit is identical to that of the precursor powder and the
bonding strength of the deposit is comparable/better to that of the plasma sprayed HAP. A relatively higher corrosion current of HAP/Ti composite than that of pure Ti coating in simulated body
fluid indicates a good bioactivity for composite coating. In the present study, in vitro immersion
test is carried out for various period of time and the formation of apatite layer on surface of composite coating proves the good bioactivity of the composite coating further. The cold sprayed
HAP/Ti composite can be anticipated to be a promising load-bearing implant material for biomedical applications.
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1. Introduction
Hydroxyapatite [HAP, Ca10(PO4)6(OH)2] has been widely used as dental and orthopedic implant materials because it chemically connects the implant with the bone due to its chemical and crystallographic similarity with
bone minerals [1]-[3]. It has been proved that the existence of HAP coating not only induces the bone growth
between implant material and bone but also improves the bonding strength of the implants to the bone [4].
However, the poor mechanical properties such as low fracture toughness and low modulus of elasticity of HAP
hindered its application as a load bearing implant [5]. For this reason, HAP coatings have been deposited on
mechanically strong and biocompatible metallic materials such as titanium and its alloys [6]-[9]. This approach
combines the good bioactivity of HAP and mechanical advantage of metallic materials. Nevertheless, the bond*
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ing strength of HAP coating, and its long term stability after implantation are still questionable. An effective approach to solve this problem is to form a composite coating by reinforcing the HAP coating with a mechanically
strong second phase, such as Ti [5], Ti6Al4V [10] and carbon nano-tube [11] et al.
Cold gas dynamic spray technique has been applied to deposit biocompatible HAP composite coatings. And
some tentative but meaningful results were obtained. For example, Taylor et al. utilized cold spray technique to
deposit HAP/Ti composite coatings on aluminum substrates and studied the effect of percent of HAP on the
thickness, microstructure and bonding strength of deposited coatings [12]. Maev et al. deposited HAP/phosphate
glass composite coatings by cold spray approach and studied the effect of heat treatment on the crystallinity of
deposited coatings [13]. However, due to the low deforming capability of HAP, reports of successful fabrication
of composite coatings consisting of HAP and Ti by cold spray technique are few and to the best of our knowledge, the study of in vitro immersion behavior of cold sprayed hydroxyapatite/titanium composite coatings is
still not available in open literature.
In this study, the in vitro immersion behavior of composite coatings as well as pure Ti coatings was investigated in simulated body fluid (SBF) solution and corrosion behavior was characterized by cyclic voltammetry tests.

2. Experimental Details
2.1. Electrochemical Corrosion Studies
The electrochemical measurements were carried out using a flat three-electrode cell (K0235 Flat Cell, Princeton
Applied Research), with the samples acting as the working electrode, Ag/AgCl electrode as the reference electrode and a platinum grid as the counter electrode. The specimen area exposed to the electrolyte solution is 1
cm2. The simulated body fluid (SBF) used in this study is Hanks’ balanced salt solution purchased from Media
tech Inc. The composition of Hanks’ balanced salt solution can be found in previous study [2].
Electrochemical corrosion properties were determined by using a Solartron SI 1287 potentiostat. Prior to each
measurement, all samples (as-received Ti coatings and HAP/Ti composite coatings) were polished progressively
until a mirror finish surface was achieved. In order to avoid the possible oxidation of samples, the electrochemical tests were commenced immediately after immersion of the samples in Hanks’ solution. The cyclic voltammetry curves were obtained in the potential range of −1 V to 3.5 V with the scan rate of 1 mV/s. All the experiments were carried out at least three times under ambient temperature.
2.2. Immersion Test of Deposited Coatings in Hanks’ Solution
The coated specimens were immersed in vials with 50 ml of Hanks’ solution. The experiment was performed at
37˚C and the vials were sealed to remain sterile. After certain periods of time, the specimens were removed from
Hanks’ solution, washed with distilled water and dried at room temperature. Then, the morphological and elemental analysis of the coatings was studies by SEM/EDX (HITACHI S-2600N).

3. Results and Discussion
3.1. Electrochemical Corrosion Behavior of 20wt% HAP/Ti Composite Coatings
Figure 1 shows the cyclic voltammograms for cold sprayed Ti and 20wt% HAP/Ti composite coatings in Hanks’
solution. It is evident that for both starting and final corrosion potential, Ti coating has relatively higher corrosion potential than HAP/Ti composite coating. Both samples showed obvious passivation zone in a similar potential range of −0.3 V to 1.6 V, while the composite coating has the higher passivation current. From potential
above 1.6 V, the anodic current density of Ti coating increased at a faster rate, indicating TiO2 passive layer
breakdown [14] and at a potential around 2.2 V, a current oscillation is observed, which typifies a pitting nucleation and re-passivation process. It is noted that the existing pores on the coating surface may extend as pits
into the sample. Basically, the cold sprayed coatings are coatings consisted of porous top layer and dense bottom
layer [15]. For the cold sprayed 20wt% HAP/Ti composite coating, no obvious pitting corrosion was observed,
which indicated a relatively dense and homogenous coating obtained.

3.2. Immersion Behavior of 20wt% HAP/Ti Composite Coatings in Hanks’ Solution
The surface morphologies of 20wt% HAP/Ti composite coatings after immersion in Hanks’ solution for various
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periods are shown in Figure 2. It can be seen that after four days of immersion, the top surface of HAP part
coating appeared dissolved during immersion; some spherical particles have grown on the top surface of Ti part
coating (Figure 2(a) inset picture). The EDX analysis confirmed that Ca, P element contained in these particles.
More spherical particles precipitate and the size of the initially precipitated spherical particles increases as immersion duration increases. After one week of immersion, the composite coating surface is found completely
covered by a dune like layer with spherical particles embedded inside. The EDX analysis indicates that the layer
is apatite layer composed of Ca, P, and O (Figure 3). It is also found that some microcracks formed in the
apatite layer. The occurance of these microcracks is beleived caused by drying shringkage [16] or resulted from
diffusion and reaction between coating and Hanks’solution [9]. When the immersion time was increased to two
weeks, the layer becomes dense and the granular particles in the apatite layer grows further. The EDX analysis
also shows the increase of the intensity of P, Ca elements after two weeks of immersion compared to that of one
week of immersion (Figure 3), which indicates the newly formed apatite layer becomes thicker with elongation
of the immersion duration. After three weeks, many granular particles nucleate and precipitate in the initially
formed apatite layer, which indicates the continuous growing ability of apatite layer (Figure 2(d)).

Figure 1. Cyclic voltammogram for cold sprayed Ti and 20wt% HAP/Ti composite
coatings.

Figure 2. Surface morphologies of 20wt%HAP/Ti composite coatings after immersing in Hanks’ solution for various periods of time: (a) four days (inset is high magnification image showing the spherical apatite particles formed on surface of Ti part
coating); (b) one week; (c) two weeks; (d) three weeks.
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Figure 3. EDX spectra of the 20wt% HAP/Ti composite coating after one and two
weeks immersion.

The immersion behavior of cold sprayed pure Ti coating in Hanks’ solution is also investigated for comparing
purpose and the results are presented in Figure 4. After 5 days of immersion (Figure 4(a)), a crystalline structure is observed precipitated on the surface of Ti coating. Detailed examination ((Figure 4(a) inset picture) revealed its dendritic shape. The corresponding EDX result shown in Figure 5 confirmed the presence of elements
such as Ca, P and O. With immersion time prolonged to 12 days, a dense layer with spherical particles inside
formed on some Ti particles surface. Some microcracks are also observed on the newly formed layer. However,
unlike the EDX results for composite coating, elements such as Na, Mg are also detected besides Ca, P and O
(Figure 5). It can be seen from Figure 4(c) that after immersion of three weeks, the newly formed layer became
denser and more crystalline structures precipitate. However, compared with apatite layer formed on composite
coating, this newly formed layer on pure Ti coating shows different morphology: more like precipitated crystalline structure with dendritic shape not dune like apatite layer. Figure 4(d) shows the low magnification view of
Ti surface after immersion of three weeks. As it is shown, the newly formed layer occupies part of Ti surface.
This result indicates that some parts of the pure Ti coating are more active than the others.
The good bioactivity of cold sprayed HAP/Ti composite coatings is confirmed by the nucleation and growth
of a bone-like apatite layer in Hanks’ solution. Only 20wt% HAP contained in our coatings is sufficient to induce the formation of apatite layer in Hanks’ solution and the addition of Ti does not distinctly affect the formation of apatite layer. A query on highly crystalline HAP coating deposited by cold spraying may be raised, since
highly crystalline HAP coating is difficult to absorb in SBF [17] and an amorphous coating is more beneficial
for early stage of bone in growth [18]. Our results indicated that the nucleation of apatite particles on Ti part
coating (Figure 2(a) inset picture) may stimulate the nucleation of apatite particles on highly crystalline HAP
part coating. Highly crystalline HAP promotes the growth of these nucleated apatite particles to form an apatite
layer to cover the entire surface of composite coating. One may argue that the naturally formed TiO2 is not bioactive enough to induce Ca-P precipitation [19]. For cold sprayed coating, due to the porous nature of top layer,
TiO2 thin films with porous structure are expected to form on the top surface of coating in Hanks’ solution. And
the bioactivity of TiO2 with porous structure has been proved by Li et al., which could lead to Ca-P deposition
[20]. The correlations and effects between formation of apatite layer on HAP and Ti part coating deserved more
investigations. In addition, for cold sprayed pure Ti coating, although a newly formed layer containing elements
of Ca, P and O was observed after immersion of three weeks, morphology different with traditional dune like
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Figure 4. Surface morphologies of pure Ti coatings after immersing in Hanks’ solution for
various periods of time: (a) five days (inset is high magnification image showing the crystalline structure precipitate); (b) twelve days; (c) three weeks; (d) three weeks (low magnification view).

Figure 5. EDX spectra of the pure Ti coating after 5 days and 12 days of immersion.

apatite layer was obtained. Whether osteoblasts can proliferate on this newly formed layer on pure Ti coating
and let the bone matrix integrates into it needs more studies in vivo experiment. The above mentioned questions
are under investigation and will be discussed in the following paper.
Commercially, HAP powders ($395/kg, Plasma Biotal Limitted) are much more expensive than Ti powders
($85/kg, Accushape, Inc). Compared to plasma sprayed 100wt% HAP coating and HAP/Ti composite coating
with 80 and 40wt% HAP [21], only 20wt% HAP used in our cold spraying method could reduce the cost greatly.

4. Conclusion
In this study, 20wt% HAP/Ti composite coatings have been successfully deposited by cold spray technique,
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without compromising the phase constituents of HAP. A relatively higher corrosion current of composite coating than that of Ti coating indicates a good bioactivity of composite coating, which is consistent with the results
of in vitro immersion test. After one week of immersion, a dune like apatite layer was observed on the surface of
20wt%HAP/Ti composite coating and the apatite layer became denser and thicker with the increase of immersion duration. The present results indicate the potential applications of cold sprayed HAP/Ti composite coatings
under load-bearing conditions as well as potential economical effect since only 20wt% HAP used in the coatings.
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